e Antimicrobial peptides (AMPs) are effective antibiotic agents commonly found in plants, animals, and microorganisms, and they have been suggested as the future of antimicrobial chemotherapies. It is vital to understand the molecular details that define the mechanism of action of resistance to AMPs for a rational planning of the next antibiotic generation and also to shed some light on the complex AMP mechanism of action. Here, the antibiotic resistance of Escherichia coli ATCC 8739 to magainin I was evaluated in the cytosolic subproteome. Magainin-resistant strains were selected after 10 subsequent spreads at subinhibitory concentrations of magainin I (37.5 mg · liter ؊1 ), and their cytosolic proteomes were further compared to those of magainin-susceptible strains through two-dimensional electrophoresis analysis. As a result, 41 differentially expressed proteins were detected by in silico analysis and further identified by tandem mass spectrometry de novo sequencing. Functional categorization indicated an intense metabolic response mainly in energy and nitrogen uptake, stress response, amino acid conversion, and cell wall thickness. Indeed, data reported here show that resistance to cationic antimicrobial peptides possesses a greater molecular complexity than previously supposed, resulting in cell commitment to several metabolic pathways.
I
nfectious diseases have affected humanity since the early days of human existence. In this view, the discovery of antibiotics provided a powerful weapon in the battle against pathogenic microorganisms (reviewed in reference 22) . From the penicillin scaffold, several other molecules have been developed, and new antibiotic classes have been discovered and classified according to their distinct mechanisms of action. However, one by one these agents have become useless against new strains of bacteria with acquired resistance resulting from the misuse of current antibiotics (for a review, see reference 25) .
Antimicrobial peptides (AMPs) have arisen against this alarming backdrop as an alternative strategy to escape from resistance mechanisms developed against classic antibiotics, which are widespread among bacteria (4) . AMPs are effective antibiotic agents commonly found in plants, animals, microorganisms, and viruses (29) . Magainins are ␣-helical cationic antimicrobial peptides (CAMPs) first isolated from Xenopus laevis (65) , and they have been described as possessing other actions, such as antileishmanial (28) and antitumor (18, 38) actions. The modes of action proposed for magainins are based on the model of cell membrane disruption and include the random insertion of peptide hydrophobic regions into the membrane alignment, the removal of membrane sections, and pore formation (32, 33) . However, the internalization of the peptide also has been observed in the Escherichia coli cytosol (31) , suggesting a possible intracellular target as well.
Are AMPs immune to the process of acquired resistance? It is currently supposed that the development of natural resistance to AMPs arises from spontaneous mutations. These modifications could be the result of microorganisms' short generation times under the selective pressure exerted when they are frequently exposed to AMPs. If these adaptations occur, it is urgent and necessary to understand the bacterial resistance to these compounds to underpin the rational planning of the next antibiotic generation.
The mechanisms of bacterial resistance that respond to the presence of AMPs are extremely complex and, at least so far, do not seem to follow a single pattern. Among other studies of bacterial resistance to CAMPs, the resistance to polymyxins and polycationic peptides has long been studied and has been associated with the punctual modification of lipid A from lipopolysaccharide structures (5, 6, 10, 36, 39, 42) . The reduction in the negative charge resulting from these modifications could reduce the affinity between CAMP and the cell membrane and further the effectiveness of CAMP binding. Other molecular mechanisms of resistance to CAMPs have been suggested that involve the overexpression of bacterial efflux systems (7, 45, 53) , transperiplasmatic exoprotein transport systems (60) , proteinases (51) , and the use of L-Lys to introduce positive charges to the membrane surface (24) . Most proteomic studies focused on AMP resistance in Gram-positive bacteria (23, 50, 59) , and few reports have been dedicated to Gram-negative resistance. The only proteomic study on the outer and inner membranes of Vibrio parahaemolyticus showed that AMP resistance may result from multiple molecular mechanisms (54) .
In summary, the understanding of the molecular mechanisms underlying the acquired resistance to CAMPs is far from complete, especially in relation to Gram-negative bacterial resistance. There is apparently a complex network involving several physiologic and structural modifications in the cell, if not a complete metabolism remodeling, to achieve the resistant condition. The proteomic approach allows a full view of protein expression and was used in this work to seek a broad overview of the E. coli metabolism when induced to resist magainin. Here, the cytosolic subproteome of strains resistant and susceptible to magainin was explored. An intense metabolic response, mainly in energy metabolism, nitrogen metabolism, stress response, amino acid metabolism, and cell wall thickness, was observed.
MATERIALS AND METHODS
Antimicrobial agents. Magainin I (99% purity; Sigma-Aldrich) was the antimicrobial peptide used in all experiments reported here. Eight distinct classes of antimicrobial disks (Newprov) were selected by following CLSI document M100-S20 (16) standards of susceptibility tests for Enterobacteriaceae. The following disk contents were used: 10 g ampicillin, 30 g aztreonam, 30 g cephalothin, 5 g ciprofloxacin, 30 g chloramphenicol, 10 g gentamicin, 10 g imipenem, and 30 g tetracycline.
Bacterial strain. Escherichia coli ATCC 8739 was used as the bacterial model strain. A single colony of E. coli was isolated by the streak method in Luria-Bertani (LB) solid medium and propagated in LB broth at 37°C, and the cell suspension was stored in sterile 10% glycerol at Ϫ80°C. All of the ensuing experiments were carried out from this original stock. The growth rate of bacterial cells from the original culture was established by measuring the optical density (OD) at 595 nm, which was monitored at 30-min intervals in LB broth at a constant temperature (37°C) and with shaking (240 rpm). The direct relationship between OD and CFU was established based on the drop surface plate method (47) , and a standard growth curve was constructed and calibrated.
Evaluation of antimicrobial susceptibility. The magainin I MIC for the selected E. coli strain was determined by microdilution assay according to CLSI document M07-A8 (15) . The bacterial culture was performed in LB broth supplemented with magainin I at different concentrations (1.25, 2.5, 5, 10, 20, 30, 50, 75 , and 100 mg · liter Ϫ1 ). The mixture was incubated (37°C) for 2 h, and the suspension turbidity was monitored at 595 nm. As a positive control of bacterial growth inhibition, chloramphenicol (60 mg · liter Ϫ1 ) was used, with MilliQ water as a negative control. The experiment was performed in triplicate.
Preparation of antibiotic-resistant E. coli. The subinhibitory concentration of magainin I used for the preparation of E. coli resistant to magainin I was 50% of the determined magainin I MIC for the E. coli strain (designated 0.5ϫ MIC) based on the experiments described by Peng et al. (46) . Initially, a preinoculum was prepared in 2.5 ml of LB broth, to which 100 l of E. coli original stock was added, and the solution was incubated at 37°C and 240 rpm until the middle of its exponential phase was reached by monitoring the growth at 595 nm. A fresh LB broth supplemented with 0.5ϫ MIC magainin I was inoculated with 10 5 CFU · ml Ϫ1 from the preinoculum culture and subjected to the same conditions for 2 h (i.e., until the end of exponential phase). From this first inoculated generation, 10 successive propagations were repeated under the same experimental conditions. The bacterial suspension of the last propagation was spread overnight on a magainin-free LB agar plate at 37°C. A biological triplicate was experimentally conducted, and a single magainin-resistant colony was selected from each replicate. The complete experiment also was performed in the absence of magainin I during the propagations as a negative control in the resistance procedures. Three magainin-susceptible colonies also were selected and isolated by the streak plate method in LB agar at 37°C. The presence or absence of magainin resistance was evaluated through the bacteria susceptibility assay described above, and all isolated colonies were challenged with the full magainin I MIC (75 mg · liter Ϫ1 ). Complementarily, all colonies were also individually plated in LB agar supplemented with the full magainin I MIC and incubated overnight at 37°C. After the required time, for each plate with visible bacterial growth one colony was selected and isolated by the streak plate method in LB agar at 37°C. To make it easier to understand and refer to the colonies in further discussions, the magainin-resistant colonies were named R1, R2, and R3, while the control magainin-susceptible colonies were called C1, C2, and C3. Bacterial suspensions were stored in sterile 10% glycerol at Ϫ80°C.
Evaluation of bacterial growth and cross-resistance evaluation. Preinocula from stocked resistant and control strains were prepared as described in the previous section. The bacterial suspension then was inoculated in LB broth to a final concentration of 5 ϫ 10 5 CFU · ml Ϫ1 and incubated at 37°C with stirring at 100 rpm. The bacterial growth was monitored at 595 nm, and the OD was measured at 30-min intervals for 2 h. Each measurement was performed in triplicate in an individual well. Cross-resistance was evaluated by a disk diffusion test according to CLSI document M02-A10 (17) in Mueller-Hinton agar plates and incubated at 37°C for 18 h. After incubation, each plate was examined and the inhibition zone was measured to the nearest whole millimeter. The zone diameter breakpoints were interpreted according to Table 2A in CLSI document M100-S20 (16) .
Production of E. coli strains by high-cell-density fermentation. Previously to experimental production, a standard growth curve was established for the fermentation conditions described above. Magainin-resistant and -susceptible strains were grown individually overnight in 100 ml of LB broth at 37°C and 240 rpm, and the OD was measured. The bacterial suspension was inoculated into a 2-liter jar fermenter (Bioflo 110; New Brunswick Scientific Co.) containing fermentation medium (LB broth) preheated to 37°C in the appropriate volume to adjust to the concentration to 5 ϫ 10 5 CFU · ml Ϫ1 in a final volume of 2 liters. During the fermentation process, the pH was maintained at 7.0 with 30% NaOH and 30% H 3 PO 4 at a temperature of 37°C, O 2 aeration rate at flow of 2.0 liters · min Ϫ1 , and shaking speed at 300 rpm. The OD was measured at 30-min intervals until reaching a turbidity ranging between 0.7 and 0.9 AU after 2 h of fermentation. A total of 8 liters of medium was fermented for each strain. The collected fermented suspension was centrifuged at 4,500 ϫ g at 4°C for 10 min, and the supernatant was separated and stored in the presence of a proteinase inhibitor cocktail for general use (1:100; Sigma-Aldrich) at Ϫ20°C until use. The precipitate was resuspended in PBS buffer containing 1:100 proteinase inhibitor cocktail and frozen at Ϫ20°C until use.
Comparative proteomic analysis of magainin-resistant and -susceptible bacterial strains. (i) Sample preparation. The precipitate suspension (15 ml) was submitted to sonication cell disruption using a 20-kHz probe. The disruption period was 60 s with 60-s intervals in an ice bath. After 10 cycles, the lysate was centrifuged at 15,000 ϫ g at 4°C for 30 min to remove cell debris and unbroken cells. The supernatant then was submitted to ultracentrifugation at 150,000 ϫ g in a fixed rotor at 4°C for 40 min, and the collected supernatant corresponded to the cytosolic content. Samples were filtered in a polyvinylidene difluoride (PVDF) 0.22-m sterile filter (Millipore) and dialyzed (1-kDa cutoff) against distilled water. Protein concentrations were determined by the Bradford method (9).
(ii) Electrophoretic analyses. Protein samples (50 g) were initially analyzed by 12% SDS-PAGE (37) . Bromophenol blue was used as a tracking dye, and gels were stained with Coomassie blue. An unstained protein molecular weight marker (Fermentas) was used as a molecular size standard. Isoelectric focusing was conducted according to Gorg et al. (27) on an Ettan IPGphor 3 electrophoresis system (GE HealthCare). A total of 600 g of cytosolic proteins was applied in a 2-dimensional clean-up kit (GE Healthcare). Cytosolic proteins were resuspended in 250 l of rehydration stock solution {2% 3-
and 0.5% IPG buffer [GE Healthcare]} and applied to an Immobiline 130-cm DryStrip (nonlinear pH 3 to 11; GE Healthcare). Strips were rehydrated for 20 h at 18°C. The isoelectric focusing was carried out sequentially at 500 V for 4 h, with a gradient at 1,000 V for 1 h, a gradient at 8,000 V for 2.5 h, and finally a gradient at 8,000 V for 30 min. Four technical replicates were run at 50 A · strip Ϫ1 and a constant temperature of 20°C. After the first dimension, strips were equilibrated in two subsequent steps of 15 min with the equilibration buffer (6 M urea, 30% [wt/vol] glycerol, 2% [wt/vol] SDS in 50 mM Tris-HCl buffer, pH 8.8). In the first equilibration, 0.1% DTT was added to equilibration buffer, and 4% iodoacetamide was added in the second equilibration. The second dimension was performed on 1.0-mm SDS-PAGE 12.5% gels. Electrophoresis was conducted on the Dalt-6 equipment (GE Healthcare) at 600 V, 90 mA, and 100 W for 30 min and then 700 V, 240 mA, and 100 W for approximately 8 h. Bromophenol blue was used as a tracking dye, and gels were stained with Coomassie blue G-250. An unstained protein molecular weight marker (Fermentas) was used as the molecular size standard. The pI marker pH 3-10 (GE Healthcare) was applied to the Immobiline DryStrip, run under the previously described conditions, and used as the pI standard.
(iii) In silico gel analysis. A total of three gel replicates for each strain (magainin resistant and susceptible) were selected and submitted to in silico analysis by BioNumerics 5.1 software (Applied Maths). The 16-bit TIFF gel image replicates (in gray scale and at 600 dots per inch [dpi]) were aligned and screened by the software to detect the protein spots and determine their concentration, molecular size, and pI. Gel images of all strains were intercrossed and screened for spot differences and similarities. Statistic correlation analysis (R 2 ) was applied to evaluate differential gel data. A correlation cutoff was applied, and gels with R 2 lower than 0.83 were discarded. The mean value of spot volume (dpi) from spot densities was used for further comparison of protein expression, taking into account spots with relative volume equal to or greater than 0.1 dpi. Moreover, magainin-resistant protein spots were considered differentially expressed when present/absent in all replicates, when levels were at least 2-fold changed (up or down) compared to that of the control (magainin susceptible), and when the standard deviation bars did not intercross. Finally, all spots that achieved the minimum requirements were submitted to Student's t test, and differences of P Ͻ 0.05 were considered significant.
(iv) Mass spectrometry and protein identification. Differentially expressed protein spots were gel excised, unstained in 30% ethanol solution, and washed in 400 l of 50% (vol/vol) acetonitrile solution containing 25 mM NH 4 HCO 3 for 20 min in a vortex. Wash solution was replaced by 100% acetonitrile and rested for 10 min. Gel pieces were vacuum centrifugation dried, and in-gel protein digestion was carried out with sequencing-grade modified trypsin (Promega) according to reference 55, with modifications. Buffered trypsin (600 ng) was added to each spot tube and incubated on ice for 30 min. Forty l of 50 mM NH 4 HCO 3 was added and incubated at 37°C for 22 h. The digested supernatant was collected and stored at Ϫ20°C. The peptides derived from tryptic digestion were analyzed using an UltraFlex III matrix-assisted laser desorption ionizationtandem time-of-flight (MALDI-TOF/TOF) instrument (BrukerDaltonics) precisely calibrated with peptide calibration standard II (BrukerDaltonics). A sample of 1 l was mixed in 3 l of matrix solution (1% [wt/vol] ␣-cyano-4-hydroxycinnamic acid, 3% [vol/vol] trifluoroacetic acid, and 50% [vol/vol] acetonitrile) and applied to a MALDI target plate (1 l in duplicate). After crystallization at room temperature, samples were analyzed by mass spectrometry (MS) operated in reflector mode for MS acquisitions and LIFT mode for tandem MS (MS/MS). Protein identification was carried out by peptide mass fingerprinting (PMF) and peptide de novo sequencing. Sequenced peptides were directly correlated to E. coli ATCC 8739 proteins (taxonomy ID 481805) from the NCBI nonredundant (NR) protein database for sequence confirmation.
RESULTS
Antimicrobial susceptibility assays. Initially, the cell growth profile of E. coli ATCC 8739 was established under the experimental conditions (see Fig. S1A in the supplemental material), with the value of 0.05 AU corresponding to 5 ϫ 10 5 CFU · ml Ϫ1 . This value is related to the initial bacterial inoculum concentration applied in the antimicrobial susceptibility assays. Therein the antimicrobial peptide magainin I was used against E. coli ATCC 8739, and further MIC evaluation in a range of 1.25 to 100 mg · liter Ϫ1 led to obtaining a MIC of 75 mg · liter Ϫ1 . Therefore, the correspondent 0.5ϫ MIC was 37.5 mg · liter Ϫ1 . As previously described, through 10 successive propagations in magainin I at 0.5ϫ MIC, three E. coli strains were isolated and evaluated for their full magainin MIC susceptibility. All resistant strains demonstrated regular growth and development in the presence of the antimicrobial peptide (data not shown). Indeed, in a broth-based assay, the growth of resistant strains reached nearly that of E. coli antibiotic-free development. By using an agar-based assay, the colony formation of resistant strains also was positive. According to these data, magainin resistance was achieved for three strains, named R1, R2, and R3. In the meantime, the susceptible colonies isolated after the 10 propagations in antibiotic-free broth (C1, C2, and C3) were unable to grow in broth and agar base containing magainin and were considered magainin susceptible.
Bacterial growth and cross-resistance evaluation. The six E. coli strains isolated here (C1 to C3 and R1 to R3) were compared to the original strain (E. coli ATCC 8739) for their growth in antibiotic-free LB broth (see Fig. S1B in the supplemental material). Despite the evident differences in resistance properties, a similar growth pattern was observed for all strains evaluated, which reached the end of the exponential phase at 120 min of incubation. This phase represents the highest concentration of viable cells, and therefore it was the point at which bacterial cells were collected in subsequent experiments.
The strains C1 to C3 and R1 to R3 also were analyzed regarding their susceptibility to standard antimicrobial agents for Enterobacteriaceae (16) . However, magainin-resistant strains did not differ from magainin-susceptible strains in terms of the main representative agents of eight antimicrobial classes currently used in the disk diffusion tests (see Table S1 in the supplemental material). These data suggest the nondevelopment of cross-resistance for the antimicrobials tested.
Comparative proteomic analysis of magainin-resistant and magainin-susceptible bacterial strains. To achieve the protein concentration required for four technical replicates of two-dimensional electrophoresis (2-DE) that were clearly visible in Coomassie blue staining, a high cell density of the C1 to C3 and R1 to R3 strains was obtained by the fermentation of 8 liters of solution under the previously described conditions. This approach showed remarkable efficiency in yielding cytosolic proteins, reaching almost 400 mg of crude protein, which was enough for our proteomic experiments.
First, electrophoretic analyses were performed by SDS-PAGE (see Fig. S2 in the supplemental material) . A visual analysis of cytosolic proteins showed a high protein density in all ranges of molecular mass between 14 and 116 kDa. The high and sharp definition of the protein bands were positive indicators of protein integrity. Moreover, a similar protein pattern between magaininresistant and -susceptible strains could be observed for cytosolic proteins, and further proteomical analyses related to comparative resistance mechanisms could not be carried out from these data.
Since subtle differences were observed in SDS-PAGE, 2-DE experiments were performed to detect significant differences between protein patterns of resistant and susceptible strains. First, reliable protein resolution maps were obtained for both. Stained proteins had their pI distributed along the acidic pH range, 3.5 to 6.8, and a wide molecular mass ranging from 25 to 66 kDa (see Fig.  S3 
The control gel group with the higher R 2 score (C2) was selected for further comparative analyses for resistant strains. A total of 187 individual protein spots were detected, including spots of both resistant and susceptible strains, of which 58 proteins were found to be differentially expressed in magainin-resistant strains, taking into account a significance of P Ͻ 0.05 (see Fig. S3 in the supplemental material). All differential proteins were trypsinized and submitted to mass spectrometry analysis, and 53 protein spots were identified by MS/MS de novo sequencing (Table 1) . These spots were identified as 41 different proteins, as well as some isoforms with the same identification but slight variations in pI and molecular size. From the total of differentially expressed spots, R1 showed 22 distinct proteins out of 24 spots, of which 8 were upregulated, 5 downregulated, 4 undetected, and 7 detected only in this strain. R2 gels presented 38 differential spots corresponding to 30 proteins, of which 12 spots were upregulated, 8 downregulated, 3 undetected, and 3 others found only in this strain. Finally, R3 showed 44 differential spots identified in 35 proteins, of which 13 spots were upregulated, 6 downregulated, 2 undetected in gels, and 22 detected only in R3 (see Fig. S3 ). Table 1 shows identified proteins clustered by related functions and referenced by their spot and database identifications. The correspondence between theoretical and experimental molecular sizes and pI is shown, as well as the number of tryptic peptides manually sequenced and the sequence coverage by PMF. Most identified proteins had at least two manually sequenced tryptic peptides that matched E. coli ATCC 8739 (taxonomy ID 481805) sequences deposited in the NR protein database of NCBI (3). The validation process of protein identification by de novo sequencing used in this work is illustrated in Fig. S4 in the supplemental material. The sequenced proteins (Table 1) were grouped according to the main metabolic processes in which they are involved. The percentage of protein function distribution is shown in Fig. 1 , highlighting energy metabolism, nitrogen metabolism, stress response, amino acid metabolism, and cell wall thickness synthesis. The biggest group contains upregulated enzymes (Fig. 2) involved in cell energy maintenance, including (i) six enzymes from glycolysis, namely, aldose 1-epimerase (YP_001725860), fructose-bisphosphate aldolase (YP_001723784), glyceraldehyde-3-phosphate dehydrogenase (YP_001724829), phosphoglycerate kinase (YP_001723783), phosphoglyceromutase (YP_001723109), and phosphopyruvate hydratase (YP_001723929); (ii) three enzymes involved in acetyl-coenzyme A (CoA) formation from pyruvate, namely, pyruvate dehydrogenase subunit E1 (YP_001726486), dihydrolipoamide dehydrogenase (YP_001726484), and dihydrolipoamide acetyltransferase (YP_001726485); (iii) phosphoenolpyruvate carboxykinase (YP_001723315), which reacts with oxaloacetate to form phosphoenolpyruvate; and (iv) inorganic pyrophosphatase (YP_001726716), which is related to oxidative phosphorylation.
Moreover, proteins related to RNA metabolism also were observed (Fig. 2) . Indeed, the RNA degradation might be straightforwardly related to energy production. First, the RNA degradation machinery was upregulated in resistant strains. A glycolytic enzyme enolase (phosphopyruvate hydratase [YP_001723929]) and a PNPase (polynucleotide phosphorylase/polyadenylase [YP_001723538]), both components of RNA degradosome type A, were upregulated, favoring the phosphorolytic mechanism of mRNA degradation and energy recovery in the nucleoside triphosphate form; two degradosome-associated proteins also had their expression altered in resistant strains, namely, molecular chaperone DnaK (YP_001726580) and chaperonin GroEL (YP_001726800). Concomitantly, the downregulation of ABC transporters also seems to be related to glycolysis regulation, namely, MglB (YP_001724487) and the D-ribose transporter subunit RbsB (YP_001727166), periplasmic substrate-binding components of the glucose/galactose and the ribose transport system, respectively.
The resistant strains appeared to improve heterotrophic nitrogen metabolism (Fig. 3A) , where the main source of nitrogen capitation lies in the sources of amino acids and proteins. In particular, the formation of L-Asp from L-Asn was controlled through the downregulation of L-asparaginase II (YP_001723756), while the remaining L-Asp was converted to fumarate and ammonia, which was catalyzed by the upregulated aspartate ammonia-lyase (YP_001726804). Nitrogen was assimilated through the upregulated glutamine synthetase (GS) (YP_001727070), which catalyzes the ammonia and L-Glu condensation to form L-Gln. Furthermore, the ABC transporters of the amino acids glutamine (YP_001725787) and glutamate/aspartate (YP_001725942) also were upregulated in resistant strains. Spots 179 and 200 represent enzymes that are involved mainly in amino acid metabolism (Fig.  3B) . The downregulated spot 179 presents aminopeptidase B (YP_001724148), which is responsible for the catalytic removal of an N-terminal amino acid from a peptide or acrylamide and presents a multidomain cluster. Spot 200 was upregulated and identified as the aminoacyl-histidine dipeptidase (YP_001726292), which is liable to catalyze the hydrolysis of Xaa-His dipeptides and has a peptidase dimerization domain. Both proteins were categorized by clusters of orthologous groups (COG) into inorganic ion transport and metabolism groups.
The intracellular redox status might be modulated through the upregulation of the redox enzymes (Fig. 4A ) superoxide dismutase (spot 165) and thioredoxin reductase (spot 187). This superoxide dismutase (SodA) (YP_001727034.1) is manganese binding and prevents cell death in the presence of reactive oxygen species, catalyzing the dismutation of superoxide into oxygen and hydrogen peroxide (56) . A bifunctional enzyme that acts as a catalase and peroxidase also was upregulated (spot 298). The catalase function of catalase/peroxidase hydroperoxidase I (YP_001726999) catalyzes the decomposition of hydrogen peroxide to water and gaseous oxygen, which are less reactive. Thioredoxin reductase (TrxR) (YP_001725664) catalyzes the electron transfer from NADPH to thioredoxin and forms the reduced thioredoxin (63) . These reactions are involved in cell growth and protection (44) , especially in oxidative stress, as illustrated in Fig.  5 . Major findings are summarized in Table S2 in the supplemental material. Another upregulated protein is commonly reported as a stress response, namely, a heat shock protein (spot 335). Heat shock protein 90 (YP_001726093.1) participates in several cellular process, with protein folding and degradation being its chaperone roles (26) . Proteins with other biological functions were also found to be differentially expressed (Fig. 4B) . Among them, the trigger factor chaperone (spot 99) (YP_001726145) was downregulated. This chaperone, when associated with the bacterial ribosome, promotes the folding of newly synthesized proteins, while in the cytosol it seems to promote the refolding of misfolding proteins (40) . Spots 151 and 161 were identified as elongation factors and are categorized in the COG translation group. The upregulated elongation factor Tu in resistant strains (spot 151) (YP_001726971) promotes GTP-dependent binding of aminoacyl-tRNA to the A site of ribosomes during protein biosynthesis. The elongation factor G (spot 161) (YP_001723378) promotes the GTP-dependent translocation of the ribosome during translation and was found to be upregulated in R1 and downregulated in R2, once more indicating that different resistant strains exhibit multiple and different responses. The upregulated DNA topoisomerase I (spot 293) (YP_001725316) catalyzes the ATP-dependent breakage of single-stranded DNA, allowing the relaxation of superhelical DNA tension, strand rotation, and realignment of further strands. Its COG classification is replication, recombination, and repair.
DISCUSSION
This work sought to understand E. coli bacterial resistance to the AMP magainin I through a comparative proteomic analysis. In this study, when the COG phylogenetic classification (58) was applied, the differential proteins identified were classified into 13 COG functional categories and referred to at least 25 metabolic pathways. However, with a detailed analysis of the cognate functions of these proteins, it was possible to gather them into five major groups alongside proteins that are apparently related (Fig.  1) . In fact, the highest cell commitment seems to be directed to energy production rather than to other observed metabolic reactions, as evidenced by the identity of the 20 differentially expressed proteins. The upregulation of glycolytic enzymes specifically from the pay-off phase demonstrates not only the cell requirement to accelerate the conversion of glucoses into pyruvate but also ATP production. This energy requirement was corroborated by other upregulated enzymes (Fig. 2) , which included the exonuclease PNPase. PNPase catalyzes the disruption of mRNA molecules releasing nucleoside diphosphates (NDP), which contain a high energy level in the diphosphate bonds (43) . Energy is a crucial requirement for any living organism, but it assumes a special significance for resistant bacteria. The maintenance of at least a basal energy level is essential for all cellular processes in the cell's attempt to protect itself against a damaging agent. The proteins identified here and their functional organization in the cell permit us to recognize the real magnitude of an AMP-resistant cell energy demand, since 49% of their differential proteins are implicated in energy generation (briefly illustrated in Fig. 5 ; also see Table S2 in the supplemental material). Our data are corroborated by numerous other publications that report similar increased expression of energy metabolism proteins in antibiotic-resistant cells (23, 34, 48) .
In addition to PNPase and RNase E, the RNA degradosome machinery is responsible for kidnapping 1/10 of the total enolase concentration in the cellular environment. The presence of enolase in this machinery has been considered a link between the cell metabolic condition and the regulation of gene transcription (13) . Indeed, enolase in the RNA degradosome controls the integrity of ptsG mRNA that encodes the main glucose transporter, IICB glc . In response to glucose-6P (Glc-6P) accumulation when the glycolytic pathway is blocked, which is known as phosphosugar stress, the enolase increases the depletion ratio of ptsG mRNA (43) . In normal metabolic conditions it does not influence the ptsG mRNA degradation (35) . Glc-6P is a phosphate compound of low energy, and when its nonmetabolized form is accumulated it becomes toxic and inhibits cell growth (61) . In fact, regardless of cell motivation, RNA degradation is often seen as a good target for bacteria control, and it is the focus of drug development. Enolase also was found upregulated in an ampicillin-resistant Fusobacterium nucleatum strain (2) . Enolase is certainly involved in cellular processes such as energy production, RNA degradation, and plasminogen/plasmin system, and it is presumed to be important in resistance to these antimicrobial agents. Nevertheless, it is still uncertain what function enolase plays in ampicillin resistance in the F. nucleatum strain or in the magainin-resistant E. coli strain.
The upregulation of chaperones DnaK and GroEL has been further observed in cell stress responses, such as heat shock stress and antibiotic presence, where some association with antibiotic resistance has been established (11) . In this work, we have also observed alterations in DnaK and GroEL patterns of expression in the metabolism of resistant strains in a nonstress environment. The intriguing decrease in the concentration of the intact forms of DnaK (spots 1 and 176) and GroEL (spots 2 and 98) and the increase of their forms with reduced molecular masses (spots 177 and 212) were observed only in some magainin-resistant strains (Table 1 and Fig. 2) , showing that individual metabolic alterations also occur among the resistant strain group and suggesting their posttranslational modifications as previously observed (14, 49) .
Nitrogen is an essential molecule for the composition of proteins and nucleic acids, and efficient nitrogen capture from the disposable sources is indispensable for cell biogenesis (52) . An adaptive nitrogen metabolism is an advantage in environments with limited nutrients, and our study showed that magainin-resistant E. coli might work in this regard. Resistant strains seem to be improving their heterotrophic nitrogen metabolism through gathering nitrogen from Asp and fixing it in Gln by glutamine synthetase (GS) assistance ( Fig. 5 ; also see Table S2 in the supplemental material). The regulation of E. coli GS has already been extensively studied (1, 57, 62, 64) , and it is well established that the availability of a nitrogen source regulates the activity and synthesis of this enzyme.
However, another association has been reported between the overexpression of GS and bacterial resistance. Several studies have analyzed the various degrees of vancomycin resistance mechanisms of Staphylococcus aureus strains (19) (20) (21) . This vancomycin resistance arose as a result of the increased thickness of the cell wall. It is well established that GS activity exerts a direct influence on the synthesis of the cell wall peptidoglycan layer (12, 30) . GS maintains the cytosolic concentration of the glutamine that is the donor of NH 4 ϩ for the amidation reaction of iso-D-glutamate from the monomer precursor of muropeptide. The increase in nonamidated muropeptide (MurP-NA) in peptidoglycan layers results in the reduction of peptidoglycan cross-linking. When associated with an increase in glycan chain length, the result is the increased thickness of the cell wall; consequently, the vancomycin penetration diffusion coefficient is reduced through the cell wall peptidoglycan layers (19) . In methicillin-resistant S. aureus strains the expression and further activity of GS is also reduced. In contrast, in vancomycin-resistant strains the concentration of GS and its activity increase. Since the supply of glutamine is being consumed in the conversion of fructose-6-P to glicosamine-6-P (GlcN-6P) in the process of the elongation of the glycan chain (41) , increasing GS efficiency is a compensatory mechanism to deal with the reduced pool of glutamine (21) . In addition to the upregulation of GS (spot 314) revealed in magainin-resistant E. coli strains, the glucan biosynthesis protein G (OpgG), which is involved in the synthesis of periplasmatic space content, was upregulated (spot 107). This protein family synthesizes the osmoregulated periplasmic glucans (OPGs), which act as periplasmic osmoprotectants responding to environmental osmolarity but which also appear to participate in cell envelop organization, being able to interact with other periplasmatic structures (8) .
In line with previous reports on AMP resistance, the data described here allow us to infer that AMP resistance is not a reflection of a single molecular mechanism. Rather, it reinforces the hypothesis that multiple molecular mechanisms act concomitantly to provide cell surveillance ( Fig. 5 ; also see Table S2 in the supplemental material). These responses illustrate the adaptive resistance process present in even nonstressful environmental conditions for bacterial growth, such as ideal temperature, pH, nutrition sources, aeration, and nonantibiotic pressure. Figure 5 and Table S2 show the main physiological differences between magainin-resistant E. coli strains and susceptible strains. All of these data suggest that energy is essential for cell defense against AMP actions. However, as previously discussed, other metabolic processes may have a real significance in magainin resistance or even AMP resistance, such as affecting cell wall thickness, which may decrease AMP diffusion into the bacterial cytoplasm. It is clear that magainin-resistant strains develop a general defense system in an unspecific mode, providing proteins capable of responding to a wide variety of stressful situations, including oxidative stress, energy deficit, and phosphosugar stress. This cellular behavior may denote a much greater complexity of the magainin I mode of action than demonstrated so far in the literature, which basically reports the magainin-membrane interaction. This work sheds light on the poorly understood bacterial resistance to magainins and even to cationic antimicrobial peptides. Nevertheless, an extensive part of this knowledge still remains to be explored, and further in-depth research is needed for a complete understanding of AMP resistance.
